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Abstract. -The major families of ternary compounds and their structures are reviewed, followed by a discussion of synthesis and crystal growth methods for ternary chalcogenides. Finally, a survey is given on a variety of recently synthesized multi-cation chalcogenides and some of their properties.
1. Scope and definitions. -To the vast majority of the participants of the Second International Conference on Ternary Semiconducting Compounds (Strasbourg, April [10] [11] 1975) , the term ternary semiconductor is a synonym for tetrahedral compounds of the types I III VI 2 or IIIV V 2 having the chalcopyrite structure. It is the purpose of this paper :
(a) To show that this is an accidental and one-sided definition, owing to solid-state physicists which leave their grand parents Ge and Si and their parents III-V and II-VI only reluctantly.
(b) To review the major families of general, ternary compounds.
(c) To focus on the non-oxidic, multi-cation chalcogenides and discuss methods and problems in synthesis and crystal growth.
(d) To confront the reader with a choice of compounds of various types which have been investigated by the author in recent years.
To the unbiased chemist, a ternary compound is any compound, consisting of three elements, no matter whether two of them are cations with a common anion (e. g. CdIn 2 S 4 ) or whether two are anions with a common cation (e. g. SbSI). Here only the former type, i. e. the multi-cation compounds will be considered.
If the chemical definition of a ternary compound is coupled with crystallographic considerations, one has to exclude mixed phases and alloys although they may contain three elements. The mixed phases GaAs^P,.^ or Zn^-Cdj-^S, both of extreme importance in luminescence physics, thus cannot be considered as true ternary compounds because they do not form typical new structures but only contain different atoms in statistical distribution on lattice sites of a binary parent structure. An additional requirement for a true ternary compound thus is the existence of a typical structure. It may be a superstructure of a binary parent structure (chalcopyrite vs. sphalerite) but in most cases new atomic arrangements are formed.
2.
Introduction. -How does one go about to order, to classify or to select possible compositions for synthesis in the seemingly infinite area of ternary compounds ? Three approaches have successfully been used : Table TI1 shows multi-cation compounds derived by substituting whole-numbered multiples of 11-VI compounds.
Scheme for deriving multi-cation Grimm-Sommerjeld compounds
( C ) The third approach to classify (and especially Various schemes and empirical rules have been to predict) ternary compounds is that of structural derived to predict e. g. tetrahedral semiconductors [3, analogy. It is much more concise than ( A ) and (B) and 4, 5, 61 and the reasoning has been extended also to frequently allows a rough estimate of the properties of so-called defect semiconductors, compounds like a ternary. The method of structural analogy starts from Ga,S,, where an ordered array of vacancies exists unary or binary compounds with well-known proper-which are treated like individual ions, i. e. OGa2S,.
TABLE I1
The basic ternary compositions and their common structure types (modijied from [ In this chapter attention shall be focused on the nonoxidic chalcogenides. Their synthesis is aggravated by their oxidizability. It has to be carried out in vacuo or in a protective atmosphere. Frequently, the binary constituents are not available and one has to start from the elements. This often leads to undefined products or even to explosions. The chalcogenide layers which form on the metal surfaces in the initial stage are extremely impervious, and can prevent diffusive completion of the reaction. This may lead to excessive pressures upon further heating. These difficulties can be overcome by adding small amounts of halogens to the reaction mixture. The halogen acts as mineralizer, breaking-up non-reactive surface films by chemical transport reactions on a microscopic scale, driven by minute temperature fluctuations or by changes in chemical potential with particle size. This mineralizing action of small halogen additions often drastically cuts down the reaction times, yields well-crystallized products and -even more important -allows syntheses a t considerably reduced temperatures as compared to pure systems. This becomes of great importance if systems are to be investigated in which so-called subsolidus phases exist which form by peritectic or solidsolid reactions. Figure 1 showsa section through such a hypothetical, pseudobinary system [7] in which three ternary compounds exist. Only AB,X, is obtainable from a stoichiometric melt. Solution growth of AB,X,, is problematic and A,B,X, only forms by a solid-solid reaction. All three compounds can however easily be synthesized from the proper mixtures of the elements at low temperatures (e. g. along the 7000 line indicated in figure 1) by the halogen method, i. e. by participation of a reactive vapour phase. Much more informative results are reached by subjecting such a system (e. g. in a closed quartz ampoule) to a temperature gradient, i. e. provoking macroscopic chemical transport. Due to different equilibrium constants between the halogen and the various components, diffusion coefficients, reaction and nucleation rates, the two components frequently migrate at different speeds through the vapour phase and deposit initially in spatially separated regions of the system. This leads to phase fractionation and allows -in contrast to classical sinterannealing methods -manual selection of well-formed crystals of the equilibrium phases for further study. A general scheme for the growth of crystals of nonoxidic, multication chalcogenides can -of coursenot be given.
Growth from liquid phases has -in certain casesbeen successful. Melt growth of chalcopyrite-type compounds by the Bridgman method has been reported by several authors. Important problems are crucible materials which resist the rather aggressive chalcogenide melts and control of the vapour pressure at the melting point. Application of the liquid encapsulation method appears promising [I I]. Little is known about flux growth of chalcogenides. Molten alkalihalides appear to be moderate solvents for ZnS [12] and probably would also be applicable to ternary sulfides. The molten sulfides of arsenic, As,S3 and As,S, and their mixtures can dissolve sizeable amounts of In2S3 [13] and recently it has been shown that As,S,, Sb,S,, As,Se, and Sb,Se3 are good solvents even for ternaries such as Znln2S4 and CdIn2S4 [14] . Chalcopyrites have been grown also from liquid indium [I 51.
For many ternary chalcogenides, however, growth from the vapour -either by sublimation or by chemical transport [I61 -is the most promising method. This is true in particular for materials having high melting points with appreciable dissociation pressures and for subsolidus compounds which decompose prior to melting. Both methods, sublimation and chemical transport can be carried out in open (flow) systems and in closed systems, usually sealed quartz vessels. Whereas the former are widely used in epitaxial growth of thin layers, the latter are preferred for bulk crystal growth on an experimental scale, because once prepared, a sealed system requires little attention, it can endure extended growth times and several growth cycles and is not liable to contamination with foreign matter.
The stationary, sealed ampoule, placcd in a temperature gradient [17] , is the simplest device for vapour growth (Fig. 3) . The upper temperature limit attainable with quartz is about 1 2500. Temperatures up to 2 000° should be within reach if transparent sapphire tubing became a common laboratory material and methods for vacuum sealing it conveniently would be available. Methods for vapour growth at very high temperatures in opaque systems, e. g. in electronbeam sealed molybdenum tubcs, have already been developed and used for growing ternary crystals, e. g. Eu2Si04 [18] . In most cases, the halogenes I,, Br, or C1, are the preferred transporting agents. However, it has been shown recently [I91 that the sulfides of certain metals, e. g. Cr, Mo and W transport only via certain oxyhalides, which are much more stable than the simple metalhalides. Therefore the presence of oxygen (or water vapour) is required in addition to the halogen to achieve efficient transport. Another point to mention is the formation of stable volatile gaseous complexes, which many metal halides seem to form with certain volatilizers e. g. AICI, [20] . Thus, the ternary sulfide CdCr,S, transports much better with Cl, + AICI, than with Cl, alone [21] because of formation of CrAl,CI, and CrAI,CI,, [22] . For obtaining larger crystals (order of cm) from the vapour, a better control of the nucleation is required. This can be effected by (a) using either a conical or capillary-shaped ampoule tip [23, 241 to attain seed selection (in analogy to the Bridgman method), or (b) by introducing a seed into the ampoule [25] or (c) by selective cooling of a small, defined nucleation region [26] . In addition the ampoule is moved [27] relative to the temperature gradient (vapour pulling) and the pulling speed is adjusted to the material transport rate. Growth rates in the order of 20 and 5 mm/day have been achieved for sublimation and chemical transport resp. Figure 4 shows schematically several of the possibilities mentioned for controlled vapour growth. Another, interesting arrangement [28] utilizes vapour growth in a radial gradient (Fig. 5) . The slightly cooled seed sits on a pedestal in the center of a cylindrical ampoule which rotates in a radial gradient. The material from the periphery of the ampoule is thus transported to the center.
Vapour transport from the bottom to the top of a horizontal, cylindrical ampoule (instead from left to right) has been recently described (Fig. 6) [29] . It offers the advantage of providing a large, isothermal nucleation surface. By carefully monitoring time and magni-AE;;NG tude of the supersaturation, the density of the nuclei on the ceiling of the ampoule can be controlled. After removal of this critical supersaturation these nuclei are allowed to develop into individual crystals under conditions lying within the Ostwald-Miers range of the system. Concluding this chapter, it should be pointed out that vapour methods offer great possibilities to grow a large number of ternary chalcogenide crystals, especially these which become chemically labile at their melting points. Compared with the effort invested in melt growth methods, vapour growth work has been developing on a very modest scale. More practical and theoretical work is urgently needed. A point rarely discussed is the quality of vapour-grown crystals. A crystal growing freely into space from a vapour should potentially contain much less dislocations and other faults than a crystal being constrained by a container during growth and the cooling-down period. Indeed, very low dislocation densities have been found in binary and ternary chalcogenides [30, 311 grown by chemical transport.
4. Multi-cation chalcogenides. -In this chdpter, a list of multi-cation chalcogenides which have been grown by vapour transport will be presented, in order to demonstrate the large number of potentially interesting materials covering a wide range of chemical compositions and cation : anion ratios CIA. The choice of materials is arbitrary and the list is by no means complete. It is mainly based on work of the author and his coIlegues, but many other ternary chalcogenides have become known in recent years. Table IV gives typical examples, some structural information and properties.
The first row lists some recently discovered thiophosphates. These compounds appear of interest because they contain the element phosphorus as a cation p5+, in contrast to the phosphides, containing anionic phosphorus P3-. The small size (about 0.30 A) of the P5+ cation leads to a considerable distortion of the (ideally close-packed) anion sublattice which reflects itself in a very high double refraction (n=0.45) of the (centrosymmetric) GaPS, [32] and high nonlinear susceptibilities [35] and piezo-coefficients [36] in the (acentric) InPS,. In both compounds phosphorus is tetrahedrally coordinated by four sulphur atoms.
In BiPS, a chain-like arrangement of sulphur tetrahedra is found [37] , half of which are empty, the other half being occupied by phosphorus.
An interesting feature is the very strong shift of the absorption edge towards shorter wavelengths if a binary sulfide is extended into a ternary one by incorporating P" into the lattice. Thus In,S, is dark red, but InPS, (= In2S, + P,S,) is colorless.
The hypothiophosphates in the second row contain formally tetravalent phosphorus. Structure analyses [39] showed that in these compounds pairs of P atoms are octahedrally surrounded by six sulphur atoms in typical [P2S6] groups. The hypothiophosphates listed are photoconductors. The tin compound Sn2[P,S6], belonging to the acentric space group PC is ferroelectric at room temperature [38] . Above its Curie point (at 66 OC) it attains the space group P2,/c of the other three compounds.
Sulphides and selenides of the type AB2X, occur in three typical structures : spinel, thiogallate [40] and olivine [45] . Those where A = Zn, Cd, Hg ; B = Ga, In, are photoconductors [42] , the band gaps of which shifts towards longer wavelengths with increasing molecular weight of the compound.
The thiospinels with B = Cr have found much basic interest in recent years as ferromagnetic semi-conductors.
The compounds A,BX6 (A = Cd, Hg ; B = Si, Ge ; X = S, Se) constitute a new class of photoconductors with an acentric structure which may become of interest in non-linear optics. The structure is remarkable as far as it is not based on a close-packed sulphur sublattice but on a centered, icosahedral arrangement of S-atoms.
Compounds of the type A3BX4 can be truly tetrahedral, like Cu3PS, or of the sulvanite type if A = Cu, B = V, Nb, Ta ; X = S, Se. Here it is interesting to note that the band gap increases in the sequence V-Nb-Ta but decreases in the sequence S-Se. The adamantine compounds CuzBCX4 can be laser (*). Contrary to the chalcopyrites there exists a considered to be the natural extensions of the chalco-fair number (namely 13) of Cu,BCX, compounds pyrites because of very close structural analogies. We crystallizing in an orthorhombic, also acentric superhave recently studied systematically the 42 possible structure based on the Wurtzite lattice (Wurtzstannites) compounds for B = Zn, Cd, Hg, Mn, Fe, Co, Ni and with cell dimensions : C = Si, Ge, Sn. By the halogen method we have a,, w 2 a , ; b,, w a , 3 ; c,, z c , .
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synthesized all (except 2) in single crystalline form and made a comparative study of their lattice data [55] .
In both superstructures the metal coordination is
The following results were obtained : identical, i. e. each sulphur is tetrahedrally surrounded by 2 Cu, one IT and one IV cation. Whereas the stannite AII, except the nickel compounds form tetrahedral structure is preferred if IV = Sn, the wurtzstannite superstructures, based either on the sphalerite o r the structure is favoured for IV = si. F~~ IV = G~ both wurtzite lattice.
The former, called stannite after the mineral stannite, Cu,FeSnS,, is a tetragonal superstructure with cell dimensions similar to the chalcopyrite cell, i. e. structures are about equally probable.
The (Wurtz) Stannites thus appear to be a very attractive class of compounds to compete with the chalwpyrites in their physical properties.
The syntheses containing nickel yielded a new Also the space group is very similar : I42m (instead of I42d for chalcopyrite). Stannites are acentric and optically uniaxial. They therefore should have similar electro-optic properties as the chalcopyrites, but due to the much larger choice of elements available, a better fine-tuning of properties can be expected. Indeed, a second-harmonic signal has been obscrved when a crystal of Cu,MnSiS, was irradiated with a YAG
